The present study sought to determine whether doses of methamphetamine in the range of those used recreationally by humans produce brain dopamine (DA) neurotoxicity in baboons and to ascertain whether positron emission tomography (PET) imaging with the DA transporter (DAT) ligand [
Methamphetamine, a potent psychomotor stimulant drug, is known on the street as "speed," "crystal meth," or "crank." Over the last 50 years, epidemics of methamphetamine abuse have occurred in many parts of the world, including Sweden (Inghe, 1969) , the United K ingdom (K iloh and Brandon, 1962) , Japan (Brill and Hirose, 1969) , and the United States (Kalant, 1966; Kramer et al., 1967; Miller and Hughes, 1994) . To this day, abuse of methamphetamine continues, with recent surveys indicating that methamphetamine abuse is on the rise (Kozel, 1997; Lukas, 1997) .
Methamphetamine is known to have the potential to damage brain dopamine (DA) and serotonin (5-HT) neurons. Laboratory animals given repeated high doses of methamphetamine show large, long-lasting depletions of brain DA and 5-HT (Kogan et al., 1976; Seiden et al., 1976; Hotchkiss and Gibb, 1980; Ricaurte et al., 1980; Wagner et al., 1980a,b; Slikker et al., 1988) , as well as marked, long-term reductions in the activity of tyrosine hydroxylase and tryptophan hydroxylase (Hotchkiss et al., 1979; Hotchkiss and Gibb, 1980; Ricaurte et al., 1983; Schmidt et al., 1985) , the concentration of DA and 5-HT metabolites (Seiden et al., 1976; Hotchkiss and Gibb, 1980; Ricaurte et al., 1980) , and the number of DA and 5-HT transporters (5-HTT) (Ricaurte et al., 1980; Wagner et al., 1980 Wagner et al., a,b, 1982 . Anatomic studies indicate that loss of these presynaptic DA and 5-HT axonal markers is related to damage of distal DA and 5-HT axon projections (Ellison, 1978; Lorez, 1981; Nwanze and Jonsson, 1981; Ricaurte et al., 1982 Ricaurte et al., , 1984a Fukui et al., 1989; Axt et al., 1991) . Methamphetamine neurotoxicity has been demonstrated in mice, rats, guinea pigs, cats, and rhesus monkeys (Seiden and Ricaurte, 1987) . Moreover, the toxic effects of methamphetamine on brain DA and 5-HT neurons in nonhuman primates persist for up to 4 years (Woolverton et al., 1989) , suggesting that they may be permanent, at least in rhesus monkeys given repeated high doses.
In all animal species tested, the neurotoxicity of methamphetamine is dose-dependent, generally occurring only after the administration of repeated high doses (Seiden and Ricaurte, 1987; Gibb et al., 1994) . However, lower doses of methamphetamine or amphetamine can also produce neurotoxic effects, if administered continuously (via osmotic minipumps) (Ricaurte et al., 1984a,b) , with iprindole (Fuller and Hemrick-Luecke, 1980; Peat et al., 1983) , or at short time intervals (e.g., every 2 hr) (Sonsalla et al., 1989; Melega et al., 1993) . Whether repeated doses of methamphetamine in the range of those used recreationally by humans [20 -40 mg (Jaffe, 1985) ] produce long-term effects on brain DA neurons in baboons is unknown.
Although methamphetamine is a documented DA neurotoxin in animals, little is presently known regarding the DA neurotoxic potential of methamphetamine in humans, largely because of difficulties inherent in assessing DA neuronal integrity in the living human brain. Preclinical observations that amphetamines, if given repeatedly at short intervals (similar to the use pattern of "binge" methamphetamine users), can produce dopamine neurotoxicity (Sonsalla et al., 1989) suggest that human methamphetamine users may be at risk for methamphetamine-induced DA neural injury. The purpose of the present study was to determine whether methamphetamine, when given to baboons at a dose and in a pattern similar to that used by some humans [20 -40 mg every 2-3 hr (Jaffe, 1985; Konuma, 1994) ], produced long-term toxic effects on brain DA neurons. We also sought to determine whether PET imaging with [
11 C]W I N-35,428 could be used to detect methamphetamine-induced DAT loss in the brain of living nonhuman primates.
MATERIALS AND METHODS
Animals. Ten baboons (Papio anubis) were used in this study. Body weights ranged from 19 to 27 kg. Ages of the animals could not be determined with certainty because the baboons were feral-reared. Animals were housed in a colony room maintained at 22 Ϯ 1°C, with free access to food and water. The experimental protocol was approved by the Animal C are and Use Committee of the Johns Hopkins Medical Institutions.
Drug treatment. Animals were treated with three different doses [0.5 mg/kg (n ϭ 2); 1 mg/kg (n ϭ 2); and 2 mg / kg (n ϭ 3)] of D-methamphetamine hydrochloride, with dose expressed as the salt. Methamphetamine was dissolved in a sterile 0.9% sodium chloride solution and injected intramuscularly. Each dose of methamphetamine was given four times, at 2 hr intervals, such that the total dose for each set of animals was 2, 4, and 8 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 , respectively. This particular regimen of methamphetamine administration was used because it is known to produce long-term effects on brain DA neurons in rodents (Sonsalla et al., 1989) , and 2 mg / kg doses of amphetamine given according to a similar regimen produce long-term DA deficits in green vervet monkeys (Melega et al., 1993) . Also, such a dose regimen closely approximates the binge use of methamphetamine by some humans [20 -40 mg every 2-3 hr (Jaffe, 1985; Konuma, 1994) ].
Study design. Ten baboons were studied, using a design that permitted both between-and within-subject comparisons. Methamphetaminetreated baboons were studied with PET before, and 2-3 weeks after, drug treatment. Control baboons also underwent repeat PET scans before and after saline treatment to establish test-retest reproducibility. On completion of the final PET studies, animals were killed by an overdose of pentobarbital (60 mg / kg), and the brains were removed for neurochemical studies. Tissues for neurochemical studies were kept frozen in liquid nitrogen; control and experimental samples were assayed in parallel.
Preparation . The average specific activity of the final product calculated at the end of synthesis was Ͼ2000 mCi/mol.
PET imag ing. On the day of the PET study, two intravenous catheters and an arterial catheter were placed for inf usion of anesthesia, injection of radiotracer, and arterial blood sampling, respectively. Animals were initially anesthetized intramuscularly with 8 -10 mg / kg alfadolone and alfaxolone acetate (Saffan) and intubated. Anesthesia was maintained throughout the study by a continuous intravenous inf usion drip of 6 -9 mg ⅐ kg Ϫ1 ⅐ hr [minus[1] alfadolone and alfaxolone acetate. The baboon was secured to the PET bed using an individually fitted thermoplastic mask, which allowed reproducible positioning between studies. Pulse, blood pressure, and oxygen saturation were monitored continuously during the studies. Blood oxygen saturation was always maintained above 85%. After baboons were positioned in the PET scanner, a transmission scan was performed with a 10 mC i 68 Ga source to allow for attenuation correction. PET scanning was started immediately after intravenous injection of 20 mC i of high specific activity [ 11 C]W I N-35,428 (corresponding to 0.12 nmol / kg). Fifteen simultaneous (eight direct planes, seven cross planes, z axis ϭ ϳ10 cm) sequential quantitative tomographic slices of the brain were obtained with the GE 4096ϩ PET tomograph in the high-resolution mode (ϳ6.5 mm f ull width at half maximum), over a 90 min period. Baboons were positioned so that the lowest plane was located approximately 5 cm below the canthomeatal line. Plasma radioactivity was corrected for decay and metabolites. In all cases, ϳ30 arterial samples/ PET study (for radioassay and protein binding) were obtained over 90 min. To correct the input f unction for unmetabolized [
11 C]WIN-35,428, arterial samples were also obtained at 10, 20, 30, 60, and 75 min after the injection of the radiotracer for analysis by means of high performance liquid chromatography (HPLC). PET images were reconstructed from the raw data with a standard filtered back-projection algorithm and a Hann filter (6.0 mm). Images were corrected for attenuation and decay. Regions of interest were placed manually over the striatum and the cerebellum, and time-activity curves were generated.
Postmortem monoamine and metabolite level determinations. Levels of monoamines and their major metabolites were determined by means of HPLC coupled with electrochemical detection (HPLC -EC), as described previously (Ricaurte et al., 1992 Madras and colleagues (1989) , with minor modification. Briefly, frozen striatal tissue was weighed, homogenized in 20 vol (w/ v) of a 0.32 M sucrose phosphate buffer, pH 7.4, at 0 -4°C, and centrif uged at ϳ45,000 ϫ g for 15 min at 0 -4°C. The supernatant was discarded, and the pellet was resuspended in 20 vol of sucrose PO 4 buffer and then centrif uged once again at ϳ45,000 ϫ g for 15 min at 0 -4°C. The resulting pellet was suspended in buffer for a final tissue concentration of 10 mg /ml wet weight. (Naudon et al., 1994; Vander Borght et al., 1996) , was measured using the method of Wilson et al. (1996b) , with minor modifications. Briefly, tissue samples were homogenized for 15 sec in 20 vol (w/ v) of sodium phosphate buffer (25 mM, pH 7.7) and then centrif uged in a Sorvall RC2B at ϳ45,000 ϫ g for 15 min at 0 -4°C. The resulting pellet was resuspended in 20 vol (w/ v) of sodium phosphate buffer, homogenized again for 15 sec, and recentrif uged at ϳ45,000 ϫ g for 15 min at 0 -4°C. The supernatant was discarded, and the resulting pellet was resuspended in buffer at a final concentration of 10 mg of original wet weight tissue per milliliter. Membrane preparations were incubated with a predetermined saturating concentration of [ 3 H]DTBZ (15 nM) in 25 mM sodium phosphate buffer, pH 7.7, for 90 min at 30°C in a shaking water bath. Each sample was run in sextuplicate, such that six tubes were used to define total binding and six tubes were used to determine nonspecific binding. Nonspecific binding was determined in the presence of 1 M tetrabenazine and represented ϳ8 -10% of total binding. The incubation was terminated by rapid filtration, using a 48-well cell harvester (Brandell, Gaithersburg, MD) and Whatman GFB filters soaked with 0.05% PEI. Filters were washed three times with 10 ml sodium phosphate buffer, and residual radioactivity was measured using a Packard-1500 Tricarb Liquid Scintillation Analyzer. Specific binding, calculated by subtracting nonspecific binding from total binding, was expressed as dpm /mg original wet weight tissue.
In Habert et al. (1985) , with the previously described minor modifications (Ricaurte et al., 1992 3 H]mazindol were prepared using the method of Javitch et al. (1985) .
[ 3 H]mazindol was used at a concentration of 4 nM to measure total binding and along with 1 M mazindol to determine nonspecific binding. Data analysis. PET data were analyzed by determining the binding potential (BP) (i.e., B max /K d ), which represents the k 3 /k 4 ratio of a threecompartment model described previously (Wong et al., 1993) . In this approach, K 1 /k 2 obtained in the cerebellum is used to constrain K 1 /k 2 in the striatum, thereby reducing the number of parameters to 3. For each animal, the DAT BP change induced by methamphetamine was determined by calculating the difference between the BP value obtained in the baseline study and the BP value obtained in the PET study after methamphetamine. The significance of differences observed was determined using a paired two-tailed t test. Results from neurochemical studies were evaluated by ANOVA. When statistical differences were observed, post hoc comparisons were performed with Duncan's multiple range tests, compensating for multiple comparisons. Pearson product moment and Spearman's correlations were used to calculate the relation among the various DA axonal markers and imaging results, again compensating for multiple comparisons. All tests were two-tailed, and significance was set at p Յ 0.05. Data analysis was performed using the Statistical Program for the Social Sciences (SPSS for Windows, Release 6).
Drugs and chemicals. Dopamine (DA) hydrochloride, 5-hydroxytryptamine (5-HT, serotonin) creatinine sulfate complex, and 5-hydroxyindole-3-acetic acid (dicyclohexylammonium salt) were purchased from Sigma (St. L ouis, MO). Perchloric acid was purchased from J. T. Baker (Phillipsburg, NJ 
RESULTS

PET studies
Assessment of test-retest variability in three untreated baboons, each of which was imaged twice with [ 11 C]WIN-35,428 in a manner identical to that of methamphetamine-treated animals, showed the mean (ϮSD) percent variability to be 9.3 Ϯ 4.7%.
The difference between pre-and postmethamphetamine PETderived [
11 C]W I N-35,428 BP values, used to index DAT density in vivo (Wong et al., 1993) , was highly significant (mean Ϯ SEM; paired difference: 0.82 Ϯ 0.21, t ϭ 3.84, p ϭ 0.009). Figure 1 shows the average PET images (between 70 -90 min after injection of the radiotracer) normalized to injected activity from studies in three different baboons before and after treatment with methamphetamine at three different doses of methamphetamine (0.5, 1, and 2 mg / kg, respectively). BP reductions ranged from 35 to 44% at the 0.5 mg / kg dose, 40 to 48% at the 1 mg / kg dose, and 50 to 69% at the 2 mg / kg dose of methamphetamine (Table 1) .
The linear correlation coefficient between BP reduction and methamphetamine dose was r ϭ 0.75 ( p ϭ 0.05), with a Spearman correlation coefficient of 0.87 ( p ϭ 0.01) (Fig. 2) . Tables 2 and 3 show the results of postmortem neurochemical studies performed using tissue samples from the caudate and putamen of the same baboons that had undergone PET studies. Methamphetamine significantly reduced DA axonal markers in the caudate in a dose-dependent manner (Table 1) , with larger dopaminergic deficits resulting from higher methamphetamine doses (DA: F (3, 6) ϭ 4.91, p ϭ 0.047; DOPAC: F (3, 6) (Fig. 3) . In the putamen, the correlation did not achieve significance (r ϭ 0.54, p ϭ 0.21). Figure 3 Methamphetamine also significantly reduced 5-HT axonal markers in the caudate in a dose-dependent manner (Table 2) , with higher doses producing larger serotonergic deficits (5-HT: F (3, 6) ϭ 4.78, p ϭ 0.049; 5-HIAA: F (3, 6) ϭ 6.78, p ϭ 0.023). In the putamen, methamphetamine-induced 5-HT deficits did not achieve statistical significance ( p ϭ 0.12) ( Table 3) . By contrast, methamphetamine-induced 5-HIAA deficits in the putamen were significant, with higher doses producing larger serotonergic deficits (F (3, 6) ϭ 5.42, p ϭ 0.038).
Postmortem neurochemical studies
Methamphetamine also produced long-term reductions in regional cortical 5-HT, but not NE, axonal markers (Tables 4 and 5 ).
DISCUSSION
The results of the present study indicate that doses of methamphetamine on the order of those used recreationally by some humans (see below) produce lasting effects on brain DA axonal markers in baboons. Furthermore, the present results indicate that PET imaging with [
11 C]WIN-35,428 is suitable for detecting partial methamphetamine-induced reductions in brain DAT in living nonhuman primates. Together, these findings suggest that PET imaging with [
11 C]WIN-35,428 will be useful for evaluating humans for possible methamphetamine-induced DA neurotoxicity, and they raise further concerns about the neurotoxic potential of methamphetamine in humans.
Surprisingly, methamphetamine produced long-term decreases on brain DA axonal markers in baboons at all doses tested, including the 0.5 mg/kg dose (Fig. 1, Tables 1-3 ). These results confirm and extend those of Melega and colleagues (1993) who observed decreases in 6-[ 18 F]fluoro-DOPA uptake in vervet monkeys injected with 4 mg / kg amphetamine (two injections of 2 mg / kg, i.m.) 1 week and 1 month previously. Using interspecies scaling methods (Harwood, 1963; Mordenti and Chappell, 1989; Chappell and Mordenti, 1991) , it is possible to estimate equivalent doses in humans by taking into account known relationships between body mass and surface area. When this is done for the two lower doses of methamphetamine used in the present study (0.5 and 1 mg / kg), the equivalent human doses (for an individual weighing 70 kg) are 26 and 52 mg, respectively. These doses are well within the range of those reported to be used by human methamphetamine users on a repeated basis (Jaffe, 1985; Konuma, 1994) , particularly after tolerance has developed (Kalant, 1966; Kramer et al., 1967; L ukas, 1997) . The notion that only extraordinarily high doses of methamphetamine can produce DA neurotoxicity needs to be reconsidered, at least in primates exposed to repeated doses of methamphetamine.
As mentioned above, if methamphetamine-induced DAT loss occurs in humans, PET imaging with [ 11 C]W I N-35,428 should prove usef ul for its detection. Baboons with known methamphetamine-induced DAT loss show clear evidence of decreased striatal DAT density (Fig. 1, Table 1 ). Moreover, there is an excellent correlation between decreased striatal DAT density, as measured by PET, and decreases in specific Recently, Wilson and colleagues (1996a) examined striatal DA nerve terminal markers in postmortem tissue from humans with a history of chronic methamphetamine abuse and found reduced levels of DA, tyrosine hydroxylase (TH), and DAT, but normal levels of DOPAC, aromatic amino acid decarboxylase (AADC), and the VMAT. On the basis of these findings, Wilson et al. (1996a) concluded that chronic exposure to methamphetamine did not cause permanent degeneration of striatal dopamine nerve terminals in the subjects in their study. In large part, these investigators based their conclusion on the fact that in patients with Parkinson's disease, in whom striatal dopamine nerve terminal degeneration is well documented (Hornykiewicz, 1966) , not only are the levels of DA, TH, and DAT reduced but so are the levels of DOPAC, AADC, and VMAT (Wilson et al., 1996b) . The basis for apparent differences between methamphetaminetreated baboons in the present study and chronic methamphetamine users in the study by Wilson and colleagues (1996a) is not certain but could possibly be related to differences in drug use patterns (e.g., it is possible that none of the methamphetamine Methamphetamine was given intramuscularly at a dose of 0.5, 1, and 2 mg/kg. Each dose was given four times, at 2 hr intervals. Animals were killed for neurochemical studies 2-3 weeks after methamphetamine treatment. Control values represent the mean Ϯ SEM (n ϭ 3) and are provided in the following units: dopamine (DA), dihydroxyphenylacetic acid (DOPAC), serotonin (5-HT), and 5-hydroxyindoleacetic acid (5-HIAA) in g/gm tissue; users engaged in binge methamphetamine use, a pattern that is more likely to produce neurotoxicity). It is also possible that nondopaminergic sources of V M AT and AADC (e.g., other monoaminergic neurons) in the chronic methamphetamine users masked DA-specific decreases of these enzymes. A third possible explanation for this apparent discrepancy could be that the neuropathology of Parkinson's disease is not identical to that of methamphetamine neurotoxicity, although the reductions in DOPAC and V M AT observed in methamphetamine-treated baboons (Tables 1, 2) suggest that there are similarities. Finally, the presence of residual drug (methamphetamine and amphetamine) in the human brain tissue samples analyzed by Wilson et al. (1996a) may complicate the interpretation of alterations of DA axonal markers, as could neuroadaptive processes involving the DA transporter. C learly, additional studies are needed to determine the DA neurotoxic potential of methamphetamine in humans.
The present findings are in good agreement with those of previous PET studies using other presynaptic DA neuroligands to assess the integrity of brain DA neurons after toxic drug exposure. For instance, using PET with 6-[
18 F]fluoro-DOPA, Melega and colleagues (1996) have shown lasting decrements in striatal DA synthesis capacity in vervet monkeys treated with escalating doses of amphetamine. Similarly, using PET with 6-[
18 F]fluoro-DOPA, Calne and colleagues (1985) successfully detected dopaminergic deficits in young drug addicts who unwittingly experimented with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), a potent dopaminergic neurotoxin 3 H]mazindol was reduced by 68% (control: 4.3 nC i /mg; methamphetamine: 1.4 nC i /mg). PET studies were performed 2-3 weeks after methamphetamine treatment. Tissue for autoradiographic studies was also obtained 2-3 weeks after methamphetamine treatment, shortly after PET studies were completed.
DA axonal markers, including [
11 C]nomifensine (Aquilonius et al., 1987 , Leenders et al., 1988 , [ 18 F]GBR 13119 (K ilbourn et al., 1988, 1989a,b) , [
11 C]DTBZ , [
11 C]cocaine (Fowler et al., 1989) , and [ 11 C]WIN-35,428 (Frost et al., 1993; Wong et al., 1993 Wong et al., , 1996 Brownell et al., 1996; Morris et al., 1996) , which is also known as 2␤-carbomethoxy-3␤- (Madras et al., 1989; C anfield et al., 1990; Kaufman et al., 1991) . Compared to 6-[
18 F]fluoro-DOPA, DAT and V M AT ligands , may prove preferable for detecting neurotoxic injury (Nyhan and Wong, 1996) , because they label "structural" macromolecular elements of the neuron rather than its transmitter precursor pool, which may be more amenable to metabolic perturbation.
As indicated in the introductory remarks, methamphetamine is toxic to both DA and 5-HT axon terminals, and 5-HT neuronal markers were found to be significantly decreased in methamphetamine-treated baboons in the present study. Hence, the question arises as to whether any of the long-term reductions in [
11 C]W I N-35,428 binding observed in methamphetaminetreated baboons might be attributable to loss of the 5-HTT. Previous in vitro studies indicate that although [
11 C]WIN-35,428 has high affinity for the DAT, it has much lower affinity for the 5-HTT (Madras et al., 1989; C anfield et al., 1990; Kaufman et al., 1991) . Furthermore, in vivo studies have failed to reveal binding of [
11 C]W I N-35,428 to the 5-HTT (Scheffel et al., 1991) . Thus, it seems unlikely that any of the observed reductions in [
11 C]WIN-35,428 binding after methamphetamine treatment are caused by methamphetamine-induced loss of the 5-HTT.
The results of the present studies have basic and clinical relevance. Scientifically, it is important to determine whether studies of methamphetamine neurotoxicity in animals accurately predict possible long-term effects of methamphetamine in humans. In addition, if methamphetamine neurotoxicity is found to occur in humans, a better understanding of underlying mechanisms may provide insight into the basis for dopamine neuronal degeneration in Parkinson's disease and related neurodegenerative conditions (Fuller, 1992) . C linically, detection of possible DA neurotoxicity in humans previously exposed to methamphetamine is important, because such individuals may have an increased risk for developing Parkinson's disease as they age (Calne and Langston, 1983; Calne et al., 1985) , and they could be candidates for putative prophylactic pharmacotherapies such as deprenyl (Tetrud and Langston, 1989; The Parkinson Study Group, 1989 .
In summary, the results of the present study indicate that doses of methamphetamine in the range of those used recreationally by some humans produce significant decrements in brain DA axonal markers in baboons, and that it is possible to detect lasting DAT loss in living nonhuman primates by means of PET. The fact that PET imaging with [ 11 C]W I N-35,428 can detect partial decrements in striatal DAT, decrements not associated with clinical signs of overt parkinsonism, is important because methamphetamine-induced reductions in DA axonal markers are typically in the range of 30 -70% (depending on dose, species, brain region, and survival time) (Seiden and Ricaurte, 1987) and are not detectable clinically. Thus, if subclinical methamphetamine-induced DA neural injury in humans occurs, PET imaging with [ 11 C]W I N-35,428 should facilitate its detection and help define the health risks associated with the use and abuse of methamphetamine. 
